Podosomes and the immune synapse are integrin-mediated adhesive structures that share a common ring-like morphology. Both podosomes and immune synapses have a central core surrounded by a peripheral ring containing talin, vinculin and paxillin. Recent progress suggests significant parallels between the regulatory mechanisms that contribute to the formation of these adhesive structures. In this review, we compare the structures, functions and regulation of podosomes and the immune synapse.
Introduction
Cell migration requires that cells interact with their environment through dynamic contacts with the extracellular matrix (ECM) or with other cells. For highly migratory and invasive cells including dendritic cells, macrophages, osteoclasts and transformed fibroblasts, these interactions frequently take the form of dynamic adhesions, known as podosomes, that are located on the ventral surface of cells (Linder, 2007) . Podosomes are integrin-mediated adhesions that contain a central actin core surrounded by a ring of cytoskeletal proteins such as talin and vinculin (Linder and Aepfelbacher, 2003) . Podosome architecture is reminiscent of the macromolecular structure found between a T cell and an antigenpresenting cell (APC), termed the immune synapse. The immune synapse is most broadly defined as the interface between a T cell and an APC (Norcross, 1984) . Microscopic examinations have shown that, like podosomes, the immune synapse adopts a concentric ring form, where the central signaling region is surrounded by the a L b 2 integrin, leukocyte function antigen-1 (LFA-1), along with cytoskeletal adaptors talin and vinculin (Monks et al., 1998; Nolz et al., 2007) (Fig. 1) .
While both podosomes and the immune synapse can take many shapes and seem to serve distinct functions, they share a number of regulatory molecules and are both responsible for directing specific cell responses. In this review, we compare the structures of podosomes and the immune synapse, factors involved in ECM
Structure and function of podosomes
Podosomes are comprised of a central actin core surrounded by a ring of cytoskeletal adaptor proteins such as talin, paxillin and vinculin (Marchisio et al., 1988; Mueller et al., 1992) . These characteristic podosome ring units may be found as isolated puncta on the ventral surface of cells or they may aggregate to form larger rosettes (Gavazzi et al., 1989; Linder, 2007) . In addition to being found in monocyte-derived cells and transformed fibroblasts, podosomes have also been reported in lymphocytes (Carman et al., 2007) , endothelial cells (Tatin et al., 2006) and smooth muscle cells (Hai et al., 2002) . In carcinoma cells, podosome-like structures termed ''invadopodia'' are formed in areas associated with membrane protrusion and matrix degradation (Linder and Aepfelbacher, 2003) . Although, invadopodia are generally considered to be longer lived than podosomes, these structures share many regulatory components and the capacity for matrix degradation. For the purposes of this review, ''podosomes and invadopodia'' will be referred to as ''podosomes-type adhesions'' (PTAs) (Linder, 2007) .
One feature that distinguishes PTAs from focal adhesions, another type of integrin-mediated adhesive structure found in fibroblasts, is the absence of actin stress fibers and the presence of actin dot-like structures. The podosome core is a site of active actin polymerization, and F-actin may be found along with the actin nucleator Arp2/3 and regulatory proteins WiskottAldrich syndrome protein (WASP), cortactin and gelsolin (Buccione et al., 2004) . Integrins, including b 1 , b 2 and b 3 integrins, may be found in either the core or ring structure (Linder and Aepfelbacher, 2003) . The protein kinases, Src (Gavazzi et al., 1989) , protein kinase C (PKC) (Teti et al., 1992) , protein tyrosine kinase 2 (Pyk2) (Bruzzaniti et al., 2005) and members of the Rhofamily of Rho GTPases (Linder and Aepfelbacher, 2003; Chellaiah, 2006) are also found at podosomes.
The physiological relevance of PTA formation in vivo remains largely unknown, although the matrix-degrading capacity of PTAs has been implicated in crossing tissue boundaries during the trafficking of immune cells (Carman et al., 2007) (Linder, 2007) . Accordingly, podosomes appear to be critical for normal functioning of the immune system, since mutations in the podosome component WASP are associated with the human immunodeficiency, WiskottAldrich syndrome (Linder et al., 1999) . Furthermore, experimental evidence implicates an essential role for podosomes in the bone-resorptive functions of osteoclasts (Miyauchi et al., 1990 ).
Structure and function of immune synapses
Initial confocal microscopy of antigen-induced T cell/B cell conjugates revealed a bulls-eye pattern at the conjugate contact area (Monks et al., 1998) . T cell receptors (TCRs) and associated signal transduction molecules like CD3 and PKCy are found in the middle of the contact face, a region termed the central supramolecular activation cluster (cSMAC), while LFA-1 and talin are enriched in a ring around the central zone, a region termed the peripheral supramolecular activation cluster (pSMAC) (Monks et al., 1998; Grakoui et al., 1999) . The cSMAC has been proposed to be a site of TCR internalization, since TCRs are initially found in microclusters at the pSMAC that migrate into the central region (Varma et al., 2006) . As in PTAs, the immune synapse is a site of active actin polymerization, and disruption of actin polymerization has significant effects on T cell activation. F-actin, the actin nucleator Arp 2/3, and regulatory proteins WASP, WAVE and HS1 (the hematopoietic-specific homolog of cortactin) are all found at the face of the immune synapse along with the Rho GTPases, Cdc42 and Rac1 .
While investigations into podosomes have carefully localized molecules to central versus peripheral regions (Linder and Aepfelbacher, 2003) , the structural organization of the immune synapse has not been as carefully defined, in part because the functional significance of the classical bulls-eye structure in vivo remains unknown. Recently, this ring-like structure was observed in cytotoxic T cell-mediated astrocyte killing in vivo, but it has yet to be observed in T cell-APC interactions (Barcia et al., 2006) . To date, only the polarization of molecules toward the T cell-APC interface has been observed in vivo (Kawakami et al., 2005) . Thus, investigators have typically characterized the composition of the immune synapse by the polarization of molecules toward the T cell-APC interface, and there has been substantial progress in defining the functional significance of these components to immune function using transgenic mouse models. In T cells, immune synapse formation influences immune response generation including proliferation of T cells, cytokine production and cytolysis of target cells . As a result, characterization of molecules involved in immune synapse formation have focused less on structural composition and dynamics of the synapse and more on whether or not there are measurable differences in immune response generation with perturbation of specific components of the immune synapse in vivo.
ECM degradation and target cell lysis
PTAs and the immune synapse share a similar ability to polarize the secretion of degradative enzymes to the ECM and target cells, respectively. Formation of stable PTAs is a critical prelude to ECM degradation by cells . Three members of the matrix metalloprotease (MMP) family have been identified at PTAs, i.e. MT1-MMP, MMP2 and MMP9 (Linder, 2007) . Investigations into factors involved in regulating the activity of these proteases remain limited, but integrin stimulation seems to be required for their activation (Coopman et al., 1996; Nakahara et al., 1998; Deryugina et al., 2001) .
T cells are the primary cells responsible for generation of adaptive immune responses. Upon contacting an APC bearing the cognate peptide-MHC complex, T cells arrest and form stable contacts lasting for 8-12 h (Mempel et al., 2004 ). This interaction is termed an immune synapse and is likely longer lived than PTAs, which persist for durations of minutes to hours Linder, 2007) . Cytotoxic T cells (CTL) are a subset of T cells responsible for the directed killing of host cells. For instance, during a viral infection, CTL are responsible for killing infected cells and also for destruction of immune cells during the resolution of infection. This killing is preceded by the formation of an immune synapse, which allows for the directed secretion of perforin and granzymes responsible for target cell destruction. CTL form a prototypic ring structure containing LFA-1 and talin in the periphery of the ring (Somersalo et al., 2004) .
Assembly of podosomes Extracellular stimulus and intracellular signaling
Recent progress has been made in identifying the molecular regulators of PTA formation. While the extracellular environment and integrin engagement are important, growth factors and cytokines including EGF , VEGF (Hiratsuka et al., 2006) and CSF-1 (Kheir et al., 2005; Yamaguchi et al., 2006) may also stimulate PTA formation. Downstream of extracellular stimulation, Src-family kinase activity is both necessary (Suzuki et al., 1998) and sufficient (Chen, 1989) for PTA assembly. Src activity is involved in early signaling events during podosome assembly and both the kinase activity and scaffolding functions of Src seem to be important (Luxenburg et al., 2006) . Additional regulatory kinases that are important for podosome formation include PKC (Tatin et al., 2006) and the FAK-related kinase Pyk2, which appears to be involved in Src recruitment (Bruzzaniti et al., 2005) .
Rho-family GTPases
The Rho-family of GTPases regulate the actin cytoskeleton and have been identified as important regulators of PTA formation (Linder and Aepfelbacher, 2003; Chellaiah, 2006) . For instance, the loss of Rho activity through use of inhibitors or dominant-negative constructs impairs podosome formation in Src-transformed fibroblasts (Berdeaux et al., 2004) . There is some controversy surrounding the activity of other Rho GTPase family members in formation of PTAs. For example, signaling through Cdc42 to WASP and Arp2/3 has been found to be critical for invadopodia formation in breast cancer cells . In contrast, Cdc42 activation led to podosome disassembly in macrophages (Linder et al., 1999) . Furthermore, Rac2 activity is essential for podosome formation in macrophages based on knockout experiments (Wheeler et al., 2006) . It is likely that regulation of PTAs requires a balance of signaling through members of the Rho-family GTPases (Linder, 2007) .
Actin regulatory proteins
F-actin polymerization and depolymerization within the podosome core is very dynamic with FRAP analysis demonstrating that the half-life of an actin filament is approximately 20 s (Evans et al., 2003) . This rapid actin turnover requires the presence of actin regulatory molecules including Arp2/3 (Kaverina et al., 2003) , WASP (Linder et al., 1999) and cortactin (Kempiak et al., 2005) .
WASP and the non-hematopoietic homolog, N-WASP, are both necessary for generation of PTAs (Linder et al., 1999; Mizutani et al., 2002; Yamaguchi et al., 2005) . Supporting an essential role for WASP in podosome formation, dendritic cells and macrophages from patients with Wiskott-Aldrich syndrome lack podosomes (Jones et al., 2002) . In contrast, WAVE1 and WAVE2 are not necessary for invadopodia formation . Recent work has shown siRNA targeting of WASP-interacting protein (WIP) results in impaired macrophage podosome formation indicating that the interaction of WASP and WIP are important for podosome formation (Tsuboi, 2007) . Cortactin is another actin-binding protein that has been identified as an important regulator of podosome formation. Knockdown of cortactin in osteoclasts (Tehrani et al., 2006) and transformed fibroblasts (Webb et al., 2007) impairs formation of podosomes. The F-actin regulatory proteins gelsolin and cofilin are also important for PTA formation and stability. For instance, gelsolin knockout mice lack podosomes in osteoclasts and have impaired bonedegrading function (Chellaiah et al., 2000) . Additionally, depletion of cofilin in breast cancer cells results in impaired invadopodia formation and matrix degradation .
Assembly of immune synapses Extracellular stimulus and intracellular signaling
Immune synapse formation follows TCR ligation (Lee et al., 2002) . The initial steps in this process are wellcharacterized: TCR ligation and cross-linking leads to the aggregation and activation of the CD3 complex via phosphorylation by the Src-family tyrosine kinase, Lck. Phosphorylated CD3 recruits the kinase Zap70, which is activated and goes on to phosphorylate several targets including the adaptors LAT and Slp-76. These proteins recruit a number of signaling molecules, resulting in macromolecular signaling complexes that permit the sensitive and sustained activation of effectors (Samelson, 2002) . Increased LFA-1 adhesiveness following TCR engagement is a result of both LFA-1 clustering and transition to a high-affinity state (Dustin and Springer, 1989; Beals et al., 2001) . These changes allow LFA-1 to form strong bonds between a T cell and an APC, a primary characteristic of the immune synapse. A critical regulator of LFA-1 adhesiveness and immune synapse formation is the cytoskeletal protein, talin. Recently, we have found that actin polarization toward the immune synapse precedes recruitment of talin, LFA-1 activation and stabilization of the synapse (Simonson et al., 2006) . Polarization of the actin cytoskeleton toward the face of the APC is important for stabilization of the synapse, appropriate T cell signaling and immune response generation .
Rho-family GTPases
Consistent with their involvement in PTA formation, the Rho GTPases, Rac1 and Cdc42, are both localized to the immune synapse following TCR stimulation (Cannon and Burkhardt, 2004) . While the guanine exchange factors (GEFs) regulating the activity of Rac and Cdc42 in PTA formation have not yet been identified, two families of Rho GEFs have been associated with immune synapse formation following TCR ligation in T cells, Vav1 and DOCK2 (Fukui et al., 2001; Turner and Billadeau, 2002) .
Vav1 has been identified as a critical regulator of LFA-1-mediated immune synapse formation in T cells (Krawczyk et al., 2002) and thymocytes (Ardouin et al., 2003) . Following TCR ligation, Vav1 is recruited to the immune synapse by the LAT-Slp-76 adaptors and IL-2 inducible kinase (ITK) (Tybulewicz, 2005) . Vav1 then activates the Rho GTPases, Cdc42 and Rac1, which in turn recruit the actin nucleators WASP (Zeng et al., 2003) and WAVE 1/2 protein complex (Zipfel et al., 2006) , respectively.
Given the important role for Vav1 in immune synapse formation, it is possible that Vav or other GEFs may also be involved in PTA formation, although the role of specific GEFs in the regulation of PTAs has not been defined. Vav1 has been identified as a regulator of macrophage chemotaxis through its effects on Rac (Vedham et al., 2005) , while the activity of a related isoform, Vav3, has been shown to regulate bone resorption in osteoclasts (Faccio et al., 2005) . DOCK2 is another Rac GEF that has been identified as an important regulator of immune synapse formation (Sanui et al., 2003) and T cell signaling (Nishihara et al., 2002; Tanaka et al., 2007) . DOCK2-deficient T cells show defective actin activity during T cell migration (Fukui et al., 2001 ) and also fail to polarize LFA-1 and PKCy to the immune synapse following TCR ligation (Sanui et al., 2003) .
Actin regulatory proteins
Following immune synapse formation, actin polymerization is required for stable T cell-APC interactions and T cell activation (Valitutti et al., 1995; Grakoui et al., 1999) ; however, the dynamics of this turnover remain unexplored. While WASP is the critical Arp2/3 regulator during PTA formation, depletion of WASP does not significantly impair immune synapse formation or its durability in T cells (Cannon and Burkhardt, 2004) . In contrast, the WASP-related protein WAVE2 appears to be a critical Arp 2/3 regulator involved in immune synapse formation. Depletion of WAVE2 results in decreased conjugate formation and also impairs localization of vinculin and talin at the immune synapse .
Similar to its role in podosomes, the hematopoietic cortactin homolog, HS-1, is also an important regulator of immune synapse formation. siRNA depletion of HS-1 results in decreased actin polarization toward the immune synapse and decreased synapse formation . Additionally, this depletion results in signaling defects, such as impaired calcium flux and IL-2 production.
The role of actin-binding proteins with actin-severing activity such as cofilin has been better studied in PTAs than in immune synapse regulation. Using immunofluorescence, cofilin has been identified as a peripheral immune synapse component (Eibert et al., 2004) . Following introduction of peptides designed to interfere with cofilin-actin interactions in human T cells, there was a decrease in conjugate formation and a decrease in proliferation and cytokine production (Eibert et al., 2004) .
Disassembly of podosomes and the immune synapse
Limited work has been done investigating factors involved in the disassembly or turnover of PTAs and the immune synapse. However, substantial progress has been made in defining the mechanisms that regulate the turnover of the related adhesion structures, focal adhesions. Exogenous factors, such as the growth factor, EGF (Xie et al., 1998) , or the ECM protein, thrombospondin (Orr et al., 2004) , induce the disassembly of focal adhesions. These factors induce disassembly by modulating the activity of intracellular signaling proteins, including the intracellular calciumdependent proteases, calpains. Calpains cleave several focal adhesion proteins, such as talin and FAK, and these proteolytic events have been implicated in the turnover of focal adhesions (Dourdin et al., 2001; Bhatt et al., 2002; Carragher and Frame, 2002) . Specifically, proteolysis of talin is a rate-limiting step in focal adhesion turnover (Franco et al., 2004) . There is evidence to suggest that similar mechanisms are involved in the turnover of PTAs. In dendritic cells, treatment with TNF-a and prostaglandin E has been linked to podosome disassembly (van Helden et al., 2006) . Calpain is another regulator of podosome disassembly, since inhibition of calpain results in stabilization of podosomes in dendritic cells (Calle et al., 2006) and osteoclasts (Marzia et al., 2006) . Several podosome components are calpain substrates including talin, Pyk2 and WASP (Calle et al., 2006; Franco et al., 2004) . However, the mechanism of calpain regulation of podosome disassembly remains unknown. In addition to proteolytic mechanisms, other modes of regulation have emerged as key players in the disassembly of PTAs, including a role for regulated tyrosine phosphorylation by Src tyrosine kinases in the turnover of podosomes in osteoclasts (Luxenburg et al., 2006) and the activation of the Rho GTPase Cdc42 in the disassembly of macrophage podosomes (Linder et al., 1999) .
The mechanisms that regulate the disassembly of the immune synapse and release of the T cell from the APC remain largely unknown. After a period of 8-12 h of sustained contact between naı¨ve T cells and dendritic cells, the cells dissociate and T cells resume migration (Mempel et al., 2004) . Several hypotheses have been proposed connecting the completion of TCR-mediated signaling with immune synapse disassembly (Lee et al., 2003; Friedl et al., 2005) ; however, no one has shown how this may result in the depolarization of the actin cytoskeleton. Recently, observation of naı¨ve T cell immune synapse formation on planar lipid bilayers has shown that cells undergo periods of synapse formation, disassembly and reformation regulated by PKCy and WASP (Sims et al., 2007) . T cells from PKCy null mice fail to disassemble their immune synapse normally, indicating PKCy is likely an important regulator of disassembly.
Conclusion and perspectives
Despite their seemingly distinct functions, both podosomes and the immune synapse share a common ring-like morphology along with a number of structural regulators (Table 1) . Recent progress suggests significant parallels between the regulatory mechanisms that contribute to the formation of these adhesive structures, and indicate that additional insight may be gained by further comparison of these structures. For instance, several known regulators of immune synapse formation, including the GEFs, Vav1 and DOCK2, have yet to be carefully studied in the context of podosome formation.
Additionally, integrin-mediated signaling has been identified as a regulator of T cell activation (Perez et al., 2003) and actin polymerization (Suzuki et al., 2007) , while more work is needed to investigate how integrin signaling may modulate podosomes. Furthermore, both in the context of the immune synapse and PTAs, we still have limited understanding of the basic mechanisms that regulate the turnover of these adhesive structures. The challenge for future investigation will be to unravel the key regulatory mechanisms that contribute to the integration and coordination of dynamic assembly and disassembly of these structures both in vitro and in vivo, and the implications of these mechanisms to normal physiology and human disease. a Reviewed in Linder and Aepfelbacher (2003) . b Reviewed in Wozniak et al. (2004) .
